To determine any association between serum paraoxonase-1 (PON1) activity, protein and coding region genetic polymorphisms and coronary artery calcification (CACS) and to determine factors which modulate serum PON1 in type 2 diabetes (T2DM). Methods and results: 589 patients (419 Caucasian, 120 South Asian, 50 other) from the PREDICT Study were investigated. All patients were asymptomatic for coronary disease and had established T2DM. CACS, lipids, lipoproteins, inflammatory markers, insulin resistance and PON1 activity, concentration and Q192R and L55M genotypes were measured. Independent associations were: 1) PON1 activity negatively with insulin resistance, triglycerides and PON1-55 genotype and positively with PON1-192 genotype; 2) PON1 concentration negatively with Caucasian ethnicity, duration of diabetes and statin use and positively with plasma creatinine and PON1-192 genotype. There was no association between CACS and any of the PON1 activity, concentration or genotype and this finding was not different in the various ethnic groups within the PREDICT study. Conclusion: PON1 is modulated by a number of factors, some of which are reported here for the first time, including ethnicity and insulin resistance in subjects with T2DM. No association between CACS and PON1 was found.
Introduction
Coronary heart disease (CHD) is the most common complication and the major cause of death in type 2 diabetes mellitus (T2DM). The risk of CHD is 2-5 times greater in people with diabetes than those without even when other risk factors are equivalent [1] . Despite cur-rent treatments there is still an excess of cardiovascular mortality in T2DM and current methods to assess CHD risk may not adequately detect risk in asymptomatic individuals.
Electron beam computed tomography (EBCT) enables high resolution quantitative images of coronary artery calcification to be rapidly acquired. Coronary artery calcium is a well established index of atherosclerosis [2] . Coronary artery calcium score (CACS) predicts CHD in non-diabetic groups [3] . The primary aim of the Prospective Evaluation of Diabetic Ischaemic Disease by Computed Tomography (PREDICT) Study was to assess the role of EBCT derived CACS in predicting CHD and stroke in asymptomatic patients with T2DM. CACS was found to be a powerful predictor of cardiovascular events in this study [4] .
The paraoxonase (PON) multi-gene family comprises 3 members, PON1, PON2 and PON3 [5] . The genes for all 3 members of the family are widely expressed in mammalian tissues [6] , however, PON1 and PON3 are predominantly located in the plasma associated with high-density lipoprotein (HDL) while PON2 is not found in the plasma but has a wide cellular distribution [7] . PON1, PON2 and PON3 all retard the proatherogenic oxidative modification of low-density lipoprotein (LDL) and cell membranes and are therefore considered to be antiatherogenic [8] . PON1 is now considered to be a major factor in the antioxidative activity of HDL [9] .
The transgenic expression of human PON1, PON2 or PON3 in various mouse models of atherosclerosis has been shown to retard or reverse atherosclerosis by mechanisms which include a reduction in circulating and aortic oxidised-LDL (ox-LDL), a reduction in macrophage oxidative stress and foam cell formation, an increase in reverse cholesterol transport and a normalisation of endothelial function [10] [11] [12] [13] [14] . Interestingly, in human aortas, immunostaining for PON1 progressively increases as atherosclerosis develops [15] and the presence of both PON1 and PON3 in aortic macrophages indicates a cellular protective effect of these enzymes [16] .
Low levels of serum PON1 have been associated with susceptibility to CHD development and low serum PON1 (which is independent of PON1 coding region polymorphisms) is a characteristic of T2DM [17] . The low PON1 in T2DM is believed to be a major cause of the dysfunctional HDL (less atheroprotective) found in this disease [18] . The purpose of the present study was to investigate whether any significant relationship exists between CACS as a marker of atherosclerosis susceptibility and serum PON1 parameters in T2DM in the various ethnic groups within the PREDICT study.
Methods

Study participants
The protocol of the PREDICT study has been published previously [19] . In summary, 589 patients with T2DM were recruited from diabetes clinics in Central and West London, UK between November 2000 and November 2003 and were reviewed annually until November 2006. Median follow-up time was 4 years as per the original protocol [19] . Ethics committee approval was obtained from each of the participating centres and all participants gave written informed consent.
Participants had T2DM diagnosed by WHO criteria and were on standard diabetic therapy including diet, tablets or insulin. They were of either gender, aged 50-75 years and were Caucasian or Asian. People of Black African origin were excluded because of their known low rate of CHD in the UK at the time of the study [20] . Other exclusion criteria were, known CHD or other cardiac disease, congestive heart failure, uncontrolled hypertension (systolic BP > 160 mmHg or diastolic BP > 95 mmHg, with or without anti-hypertensive treatment), pregnancy, inability to provide informed consent or other medical conditions likely to limit life expectancy or requiring extensive medical treatment.
Electron beam computed tomography
As previously described [19] , EBCT was carried out on an Imatron C-150 EBCT scanner (Imatron Inc, San Francisco, CA, USA). Total procedure time was 15 min with a radiation dose of 0.5-0.9 mSv (UK annual background radiation is 2.5-7.5 mSv). Quantification of CACS was in Agatston units (AU) [21] .
Biochemical measurements
After an overnight fast blood samples were taken for baseline measurement of plasma glucose, HbA 1c , insulin, total cholesterol, HDL cholesterol, LDL cholesterol, triglycerides, apolipoproteins (apo) A1 and B, creatinine, fibrinogen, homocysteine, high sensitivity CRP and urine creatinine: albumin ratio as previously described [22, 23] . Insulin resistance was calculated from the fasting plasma glucose and insulin concentrations, according to the homeostasis model assessment (HOMA) formula: HOMA-IR = (fasting plasma insulin concentration (mU/L) x fasting plasma glucose concentration (mmol/L))/22.5 [24] . Presence of the Metabolic Syndrome was determined according to International Diabetes Federation criteria [25] .
Serum PON1 activity towards paraoxon was measured spectrophotometrically at 405 nm [17] , PON1 concentration was measured using our in-house ELI-SA [17] and the PON1 Q192R and L55M polymorphisms were analysed by PCR and restriction fragment length polymorphism analysis using DNA isolated from peripheral blood leukocytes as described [17] . Those patients taking insulin had no insulin since the previous day.
Statistical analysis
For normally distributed variables results have been presented as mean ± standard deviation. Non-normally distributed variables were log-transformed or square root transformed to give a normal distribution and standard deviations are approximate for these variables. Where this was not possible results have been presented as medians with inter quartile ranges and nonparametric tests have been used.
Differences between ethnic groups were assessed with ANOVA (parametric) or the Kruskal-Wallis test (non-parametric). For categorical variables differences were tested by chi-squared or Fisher's exact tests. Associations with PON1 activity were assessed using Spearman rank correlation. For PON1 concentration partial correlations were obtained after adjustment for ethnic group.
Independent predictors of PON1 parameters were selected using stepwise models in conjunction with bootstrap resampling. Variables with p < 0.25 on univariate analysis were considered for inclusion into the models and stepwise regression with backwards elimination and a threshold of p = 0.05 was run on 1000 bootstrap samples. Variables selected in at least 60% of the bootstrap samples were included in the final model. An additive genetic model was used in these models. For PON1 activity an ordinal logistic regression model was used based on quintiles due to the non-normal distribution. For analysis of CACS score, tobit regression of ln(CACS + 1) was used, modelling zero as a censored threshold (no detectable CACS) and assuming a normal distribution for the non-censored scores. Results were also analysed using ordinal logistic regression with categories reflecting the presence of no, minimal, mild, moderate and severe CACS (scores of 0, 1-10, 101-400, > 400). Results from this model are the odds ratio for a higher category CACS category.
The study was powered to detect an R 2 of 1.4% with 80% power at the 5% significance level using an additive genetic model. The study was also powered with > 90% power to detect a difference of 0.5 standard deviations between the Caucasian and Other ethnic group at the 5% significance level. Results were not adjusted for multiple comparisons and should therefore be interpreted in light of the number of tests made.
Results
The population comprised 419 Caucasians, 120 South Asians and 50 others, there were a majority of males and patients with metabolic syndrome and were mostly moderate alcohol drinkers. Fasting plasma glucose was elevated (Supplemental Tables 1 and 2 ). There were significant differences between the ethnic groups with respect to age, duration of diabetes, BMI, alcohol intake, HbA1 c , fasting plasma glucose, serum creatinine, triglycerides, apo B, fibrinogen, CRP, the percentage of males, ex-smokers, subjects taking oral hypoglycaemic therapy and those with metabolic syndrome. Median CACS was significantly higher in the Caucasian population than the other 2 groups (119 (14-469) vs. 102.5 (14.5-350) vs. 58 (2-22) respectively (P = 0.02)).
There was no difference in PON1 activity between the ethnic groups (Table 1) , however PON1 concentration was significantly lower in the Caucasian group (P < 0.001). There were no significant differences in PON1 specific activity (SP) (activity divided by concentration) between the ethnic groups which were 1.50 ± 1.12, 1.30 ± 0.84 and 1.50 ± 1.14 in the Caucasian, South Asian and Other groups respectively (P = 0.14). However, SP was affected by both the PON1-55 and -192 genotypes with LL>LM>MM and RR>QR>QQ. SP was significantly higher in the PON1-55LL genotype in Caucasians compared to South Asians and Others (1.92 ± 1.22. 1.42 ± 0.74 and 1.60 ± 1.29 respectively, P = 0.003). SP was also higher in Caucasians compared to South Asians and Others in the PON1-192RR (3.07 ± 1.93, 1.93 ± 0.64 and 2.71 ± 1.32 respectively, P = 0.002) and PON1-192QR genotypes (2.21 ± 1.03, 1.67 ± 0.78 and 1.78 ± 0.93 respectively, P = 0.0003). Differences in SP were due to differences in activity as concentration was not affected by genotype (result not shown).
The frequency of thePON1-55M allele was significantly higher and that of the PON1-192R allele significantly lower in the Caucasian group (P < 0.0001 and P = 0.04 respectively). PON1 activity was highest in PON1-192R and 55L homozygotes and lowest in PON1-192Q and 55M homozygotes as expected from previous studies (supplemental Table 3 ). Both polymorphisms were in Hardy Weinberg equilibrium.
PON1 activity was higher in those subjects who drank alcohol (P = 0.05) or did not have metabolic syndrome (P = 0.07) ( Table 2 ). PON1 concentration was significantly higher in those not on statin treatment (P = 0.001) or insulin therapy (P = 0.05).
Pearson's correlation coefficients (Table 3) indicated PON1 activity was significantly positively associated with HDL-cholesterol and apo A1 and significantly negatively associated with triglycerides, HbA1 c , glu- cose, insulin, HOMA-IR and the albumin/creatinine ratio. On the other hand, PON1 concentration was significantly positively associated with plasma creatinine and significantly negatively associated with duration of diabetes, HbA1 c and fasting plasma glucose.
In multiple regression analysis we sought to determine the effects of those factors associated with PON1 in the above analyses on PON1 activity (Table 4a ). The factors that showed significant association with PON1 activity are HOMA-IR (P = 0.02), triglycerides (P = 0.001), apo A1 (P < 0.0001) and both PON1 genotypes (both P < 0.001). Factors associated with PON1 concentration (Table 4b) were ethnicity (P < 0.001), duration of diabetes (P = 0.02), creatinine (P = 0.006), statin use (P = 0.002) and PON1-192 genotype (P = 0.05).
We could find no association between CACS, either as a continuous variable or as quintiles and any of the PON1 parameters (PON1 genotype (supplemental Tables 4), or by tertiles of PON1 activity or concentration (supplemental Table 5 ), when analysed either in the total population or divided by ethnicity. 
Discussion
Several studies have previously shown prospectively that PON1 activity is a risk factor for CHD development independently of HDL concentration [26] [27] [28] including a study in T2DM [29] although the finding is not universal [30, 31] . Low PON1 concentration predicts cardiovascular mortality in haemodialysis patients [32] . Many studies have also investigated several PON1 polymorphisms as risk factors for CHD with positive associations being seen in some but not all studies. Meta analyses have shown at best a marginal significance of the PON1-Q192R polymorphism as a risk factor for CHD but no relationship of other PON1 polymorphisms and CHD [33, 34] . In this context therefore, it is perhaps not altogether surprising that no relationship between PON1 and CACS was found in our study. It is entirely possible that the protective effects of PON1 are manifest much earlier in atherosclerosis development through the inhibition of LDL oxidation preventing oxidised LDL induced MCP-1 production and macrophage oxidative stress and thus the prevention of atherosclerosis initiation [10] [11] [12] . Two previous studies have investigated the relationship between PON1 and CACS. In the Coronary Artery Risk Development in Young Adults Study, there was no association between PON1 activity and CACS [35] , while in the Diabetes Heart Study there were modest associations between CACS and the PON1-Q192R (P = 0.002) and PON2-S311C genotypes (P = 0.037) [36] . Further, much larger studies are required to determine any relationships between PON1 parameters and CACS.
Although we could find no differences in PON1 activity or PON1 specific activity between the different ethnic groups, serum PON1 concentration and the PON1-192R in the Caucasian group, in line with previously published population studies [26] [27] [28] [29] [30] [31] [32] [33] [34] . The higher prevalence of the PON1-55M genotype would result in the lower PON1 concentration found in the Caucasians as it is associated with lower PON1 mRNA levels [7] . Differences in specific activity found in different PON1-55 and 192 genotypes and higher specific activity found in PON1-55LL, 192RR and 192QR genotypes in Caucasians are harder to understand. The increased inflammatory environment found in Caucasian blood in this study would appear not to be conducive to higher PON1 activity but rather should be inhibitory [10] [11] [12] 27] . The data suggest that in Caucasians the PON1-55L and 192R genes code for a more active enzyme than they do in South Asians or Others, which could be an evolutionary adaptation to some environmental stimulus. Large scale comparative studies of PON1 in different ethnic groups living in similar environments are warranted to confirm this finding.
The CACS was also significantly higher in the Caucasian group, however, none of the PON1 parameters were related to the CACS. It seems more likely that either the significantly older age of the Caucasians had allowed more atherosclerosis development or the increased prevalence of raised risk factors for atherosclerosis (triglycerides and apo B) and inflammation (fibrinogen and CRP) were responsible.
Recently it has been shown that human PON1 can prevent diabetes development in mice through its antioxidant properties and the stimulation of beta-cell insulin release, suggesting a possible role for PON1 in insulin biosynthesis [37, 38] . PON2 also has an important role in hepatic insulin signalling [39] which may suggest a role for the PON family in energy metabolism which requires further investigation. PON1 activity in type 1 diabetes is inversely correlated with blood glucose levels and also PON1 is lower in subjects with the metabolic syndrome, suggesting modulation of PON1 by factors associated with insulin resistance [40] . The finding in this study of inverse correlations of PON1 with blood glucose, insulin and insulin resistance (HOMA-IR) to our knowledge for the first time in T2DM, add further support to this but requires more detailed molecular analysis. In vitro studies have indicated that the PON1 gene is upregulated by high glucose concentrations in HepG2 hepatocytes [41] . However, PON1 is extremely susceptible to oxidative inactivation [42] and the high levels of oxidative stress which accompany hyperglycaemia [43] may well counteract increased hepatic PON1 production. The association of PON1 with duration of diabetes, which has not been reported previously in T2DM, may also be explained by this mechanism.
The negative relationship between PON1 activity and insulin resistance offers interesting possibilities. The relationship between insulin resistance, the metabolic syndrome and the subsequent progression to type 2 diabetes could indicate that the measurement of PON1 activity may provide an early indicator of metabolic disturbances before the onset of measurable arterial changes including CACS. Further work in this area is warranted.
Previous studies have also shown that moderate alcohol consumption increases PON1 [44] , a finding confirmed by the present investigation.
Patients recruited for PREDICT were free from clinical cardiovascular disease. Nevertheless, it is possible that those receiving statins were perceived to be at increased risk and may indeed, have had increased subclinical CVD. In support of this we have previously reported a significant positive association between statin use and CACS in the cohort at baseline [22] . Therefore, the negative association between statin use and PON1 concentration could reflect underlying CVD. However, these relationships were not apparent with regard to PON1 activity and statin use.
With regard to the metabolic syndrome, among 225 statin users 80.8% had metabolic syndrome whereas of 364 non users 70.9% had metabolic syndrome (P = 0.007). PON1 activity but not concentration was lower in those with metabolic syndrome (Table 2 ) but with only borderline significance. Since associations between PON1 and metabolic syndrome were only apparent with activity and associations between PON1 and statin use were only apparent with concentration, it is difficult to draw any firm conclusions regarding interactions between statin use (as a proxy for underlying CVD), metabolic syndrome and PON1.
Previous studies in human and hepatocytes have indicated statins either to increase serum PON1 and its hepatic synthesis or to have no effect [45, 46] , therefore the strong negative modulation of PON1 protein by statins in the PREDICT population was surprising. This may be unique to T2DM as it has not been reported in other populations, however, previous studies in humans tended to be short term interventions while it is likely that those taking statins in the PREDICT population would have been doing so for several years. Further large scale prospective studies of the effects of statin treatment on PON1 are warranted to determine if the effects on PON1 are detrimental to treatment outcome.
In conclusion, we could find no association between PON1 activity, protein or genetic populations with CACS. However, median CACS was higher in the older Caucasian population this was not related to PON1. In the PREDICT population of T2DM, PON1 is modulated by alcohol intake, statin therapy and insulin resistance.
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